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Bacterial  lipo  polysaccharide  (LPS)  is  known  to  be  implicated 
in  the  pathogenesis  of  endotoxemia  and  septic  shock.  The 
liver  is  the  first  vital  organ  to  exhibit  pathological  alterations 
in  shock.  The  present  studies  include  immunoelectron  micro 
scopi<-  localization  of  tissue  fibronectin  and  cytochemical  lo¬ 
calization  of  calcium  and  enzymes  in  hepatocytes  of  animals 
with  irS-induccd  endotoxemia  or  cecal  ligation-induced  sep¬ 
tic  shock.  The  results  showed  increased  staining  of  fibronec¬ 
tin  ir  the  basal  (perisinusoidal)  surfaces  and  in  the  cisternae 
of  rough  endoplasmic  reticulum  and  the  Golgi  complex  of 
hepatocytes  in  rats  with  endotoxemia  or  septic  shock.  Intra¬ 
cellular  calcium  content  was  significantly  increased  in  the 
LPS-trcated  or  septic  rats.  Calcium  pyroantimonate  precipi¬ 


tate  was  deposited  predominantly  on  the  outer  surfaces  of 
the  RER  of  hepatocytes.  In  addition,  diminution  or  depletion 
of  glycogen,  reduction  of  catalase-containing  peroxisomes, 
increase  of  G-6-Pase  activity,  and  depletion  of  cytochrome 
c  oxidase  in  many  mitochondria  were  also  observed  in  hepa¬ 
tocytes  of  experimental  animals.  The  overall  results  suggest 
that  LPS  stimulates:  (a)  hepatic  synthesis  and  secretion  of 
fibronectin;  (b)  uptake  of  calcium  by  hepatocytes;  and  (c) 
G-6-Pase  activity.  LPS  treatment  also  leads  to  reduced  num¬ 
bers  of  peroxisomes  and  depletion  of  cytochrome  c  oxidase. 
,  (J  Histochcm  Cytochem  36:665-678,  1988) 

'  KEY  WORDS:  Hepatocytes;  Immuimelrctron  microscopy;  Ultra 
|  cytochemistry:  LPS:  Fibronectin:  Calcium;  Enzymes.'',  pi  '  v 


Introduction 

I.ipopolysaccharidcs(LPS).  gram-negative  bacterial  endotoxins,  arc 
known  to  be  implicated  in  the  pathogenesis  of  endotoxemia  and 
septic  shock  (Bradley,  1979;  Berry.  1977:  Hinshaw.  1976;  Nowotny. 
1969).  The  liver,  which  contains  an  important  component  of  the 
reticuloendothelial  system  involved  in  host  resistance  to  LPS-relatcd 
septic  shock  (Zahltcn  ct  al.,  1981;  Fine  et  al..  1959;  Zwcifach,  1958), 
lias  been  reported  to  be  the  first  vital  organ  displaying  pathologi¬ 
cal  alterations  In  shock.  Intravenously  injected  LPS  is  cleared  rap- 
idly  from  the  blood  by  Kupffer  cells  in  vivo  (Maier  et  al.,  1981; 
Rcske  et  al..  1981;  Mathison  and  Ulcviich.  1979).  Impairment  of 
1  PS  detoxification  bv  Kupffer  cells  (Cook  et  al.,  1985;  Gut  et  al.. 
198'1:  Tanikawa  and  Iwasaki,  1984;  Palmcriaand  Fine.  1969)  often 
augments  the  toxicity  of  LPS  and  causes  hepatic  injuries.  The  ac¬ 
tivities  of  some  hepatic  enzymes,  including  carbohydrate  metabolic 
enzymes  (McCallurn,  1981 ),  drug  metabolizing  enzymes  (Yoshida 
et  ai..  1982;  Egawa  and  Kasai,  1979),  and  mitochondrial  enzymes 
(McGivney  and  Bradley.  1979).  arc  repotted  to  be  depressed  by  LPS. 
LPS  has  also  been  shown  to  decrease  intracellular  calcium  in  cer¬ 
tain  cells  (Kilpatrick-Smith  and  Erccinska,  1983)  and  to  inhibit 


1  lb  whom  correspondence  should  he  addressed 


synthesis  of  hepatic  enzymes,  such  as  phosphoenolypyruvate  tar- 
boxykinasc  (Berry  and  Rippc,  1973). 

in  recent  years,  there  has  been  increased  interest  in  the  rela¬ 
tionship  between  fibronectin  and  sepsis  (Vclky  et  al.  1984;  Lanser 
and  Saba,  1983;  Richards  ct  al.,  1983;  McCafferty  and  Saba,  1982; 
Saba  and Jaffc,  1980;  Saba  and  Cho,  1979).  Fibronectin  comprises 
a  family  of  high  molecular  weight  glycoproteins  consisting  of  solu¬ 
ble  and  insoluble  forms.  Insoluble  (tissue)  fibronectin  is  localized 
on  cell  surfaces  and  intercellular  matrices;  it  panic  ipates  in  cell  adhe¬ 
sion  and  also,  in  part,  modulates  microvascular  integrity,  vascular 
permeability,  and  wound  repair.  Deficiency  or  destruction  of  tis¬ 
sue  fibronectin  results  in  widening  intercellular  junctions  ano  in¬ 
creased  vascular  permeability.  Soluble  (plasma)  fibronectin  is  a  non¬ 
specific  opsonin  which  mediates  reticuloendothelial  clearance  of 
blood-borne  particulates,  to  prevent  pulmonary  and  peripheral  vas¬ 
cular  embolization  and  organ  injury.  Depletion  of  plasma  fibronec¬ 
tin  results  in  depression  of  reticuloendothelial  system  phagocytic 
function.  This  may  potentiate  microvascular  embolization  and 
sludge  in  critical  illness  (Saba  and  Jaffc,  1980;  Scovill  et  al..  1979; 
Mosher  and  Williams,  1978).  A  recent  report  suggests  that  LPS  may 
stimulate  synthesis  of  fibronectin  (Velky  ct  al.,  1984). 

Although  the  effects  of  endotoxins  on  the  ultrastructure  ot  liver 
have  been  extensively  studied  (White  ct  al.,  1973;  Rangel  ct  al.. 
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Figure  1.  Immunohistochemical  localizalion 
of  tissue  fibronectin  in  rat  liver.  As  indicated 
by  the  reaction  product  of  HRP,  fibronectin 
is  confined  to  the  periluminal  surfaces  of  si¬ 
nusoids.  The  livers  of  LPS-treated  or  septic 
rats  (A)  show  more  intense  staining  for  fibro¬ 
nectin  than  those  of  the  control  animals 
(B).  Original  magnifications  x  1875. 


1970;  Levy  tt  a!..  1968;  Boler  and  Bibighaus.  1967;  De  Palma  « 
al..  1967).  the  effects  of  LPS  on  fibronectin,  calcium,  and  enzymes 
in  liver  has  not  been  demonstrated.  In  this  report,  we  describe  the 
ultracvtochemical  localization  of  tissue  fibronectin,  calcium,  and 
enzymes  in  the  hepatocytes  of  rats  with  LPS-inauccd  endotoxemia 
or  cecal  ligation-  and  puncture-induced  septic  shock,  in  addition, 
the  effect  of  LPS  on  the  permeability  and  pinocytic  activity  of  liver 
was  also  studied,  using  horseradish  peroxidase  as  a  tracer. 

Materials  and  Methods 

Animals.  Male  Sprague-Dawlev  rats  (Charles  River:  N  Wilmington. 
M  A)  weighing  250-350 g  were  used  in  the  studies.  The  animals  were  main¬ 
tained  in  standard  wire  vages  in  an  environmentally  controlled  room  and 
were  provided  with  food  and  water  ad  libitum. 

induction  of  Endotoxemia  and  Sepsis.  In  each  experiment,  five  animals 
were  injected  with  10  mglkg  £.  cu/i (01 1 1:B4 )  l.PS  (Calbiochem:  San  Diego, 
C.A)  in  saline  via  a  penile  vein:  five  controls  were  given  saline  only.  Twenty- 
four  hr  after  treatment,  only  animals  displaying  cndotoxemic  symptoms, 
such  as  piloerection,  hypothermia,  and  diarrhea  (Wichictinan  et  al„  1*280). 
were  used  for  studies. 

Sepsis  was  induced  by  cecal  ligation  and  puncture,  as  dcsiribed  by 
W'ichtermari  et  al  (1980).  w  ith  an  additional  ligation  of  the  cecal  ile.xolic 
vascular  bundle.  Controls  were  sham-operated  Animals  exhibiting  "late 
septic"  symptoms,  as  dcsiribed  by  W’ichterman  et  al.  (l‘)80).  24  hr  after 
surgety  were  sacrificed  for  the  studies  Three  septic  animals  and  three  sham- 
controls  were  utilized  in  fibronectin  localization  and  each  enzyme  study. 
All  injct  lions  and  operations  were  performed  under  halothanc  anesthesia. 

Fixation.  For  localization  of  fibronectin.  animals  were  perfused  via  the 
left  ventricle  for  211  min  with  2%  paraformaldehyde  containing  periodate 
and  lysine  ( Me  lean  and  Nakanc.  |o?4).  The  middle  lobes  of  the  liver  were 
excised  immediately  after  perfusion  and  re-fixed  in  the  same  fixative  by 
immersion  at  4’C  for  an  additional  20  40  min  Animals  were  also  per¬ 
fused  with  2%  glutaraldehydc  1%  paraformaldehyde  in  the  same  manner 
for  20  min.  for  enzyme  localization  The  middle  lobes  of  the  liver  were 


used  for  enzyme  studies.  All  samples  weie  thoroughly  washed  in  0.1  M 
sodium  cacodvlate  buffer  (pH  7.2)  for  at  least  24  hr  before  further  processing. 

Samples  for  fibronectin  and  enzyme  localization  were  sectioned  at  70-80 
pm  using  a  vibratomc  (Lancer;  Brunswick  Co.  St.  Louis,  MO). 

Immunocytochemical  Localization  of  Fibronectin.  Vibratome  (tissue) 
sections  were  incubated  for  24-48  hr  at  4’C  in  Tris-saline  (pH  7  6,  with 
0.5%  saponin)  containing  a  1120  or  H50  dilution  of  anti-fibronectin  anti¬ 
body  conjugated  with  horseradish  peroxidase  (HRP)  (Accurate  Chemical 
and  Scientific  Corp:  Wcstbury,  NY).  Samples  were  re-fixed  in  2%  glutaraldc- 
hydc-1%  paraformaldehyde  for  15  min  after  incubation.  After  thorough 
washing  in  0.1  M  sodium  cacaodylatr  buffer,  the  samples  were  incubated 
in  0  05  M  Tris  buffer  (pH  7.6)  containing  disminobenzidine  (DAB)  (Sigma 
Chemical;  St,  Louis.  MO)  and  HjOj  (Graham  and  Karnovsky,  1966). 

Calcium  Localization.  Three  animals  displaying  cndotoxemic  or  sep¬ 
tic  symptoms  24  hr  after  LPS  treatment  or  surgery,  and  three  control  or 
sham-operated  animals,  were  sacrificed  by  guillotine.  The  middle  iobes  of 
the  livers  were  excised  and  promptly  immersed  in  1%  osmium  tetroxide 
containing  2.5%  potassium  pyroantimonatc  (pH  7.6)  at  4'C  for  4-5  hr. 
Samples  were  also  incubated  for  45  min  in  1%  osmium  tetroxide  contain¬ 
ing  10  mM  EGTA  (ethylene  glycol  tetraacetiv  acid)  (Sigma)  and  then  fixed 
in  potassium  pyroantimonate  as  above  (Appleton  and  Morris.  1979).  In 
addition,  livers  from  animals  treated  with  10  mg/kg  LPS  for  30  min  were 
also  used  for  calcium  localization 

Glycogen.  Liver  fixed  by  2%  glutaraldchyde-1%  paraformaldehyde  was 
post -fixed  overnight  in  2%  osmium  tetroxide  containing  1.5%  potassium 
fcrrocyanide  at  4'C  (Fawcett  and  Dvme.  1974).  Paraffin-embedded  sam¬ 
ples  were  also  used  for  study  of  glycogen  distribution,  using  a  periodic 
acid  Schiff  (PAS)  technique  A  diastase  digestion  method  w-as  utilized  to 
selectively  eliminate  PAS  positive  staining  attributable  to  glycogen. 

Glucose-C-Phosphatasc  (G-6-Pase).  Vibratomc  Sections  from  pviluscJ 
livers  were  protessedforG-6-Pase  localization  according  to  the  method  de¬ 
scribed  by  Nicholas  et  al.  (1984) 

Cytochrome  c  Oxidase.  Vibratome  sections  of  hepatic  tissues  from  cn- 
dotoxcmic  or  septic  rats  were  inc  ubated  in  2  5  mM  DAB  in  phosphate  buffer. 
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Figure  2  Immunoelectron  microscopic  lo¬ 
calization  of  fibronecim  in  hepatocytes. 
Electron-dense  HRP  reaction  product  is 
localized  on  the  basal  (perisinusoidal)  sur¬ 
faces  (A)  Hepatocytes  of  control  rats.  The 
basal  surfaces  of  the  cells  are  moderately 
stained,  whereas  the  apical  (pericanalicu¬ 
lar).  lateral  surfaces.  Kupffer  (K)  cells,  and 
endothelial  cells  are  no!  stained.  Arrowheads 
indicate  the  lateral  surfaces  of  the  hepato- 
cytes.  6C.  bile  canaliculus.  (B)  The  basal 
surfaces  of  the  hepatocytes  from  animats 
suffering  endotoxemia  or  septic  shock  are 
more  intensely  stained.  L.  lipid  droplet; 
GC,  Golgi  complex.  Original  magnifications 
x  6320. 


f 
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pH  “.2.  containing  0  cytochrome c  (Sigma)  at  room  tem{x'ruturr  fur 
H  2(1  nun  i  Angermulle.  and  fuhimi. 

Catalase,  The  procedure  reported  by  Novikoll  ami  (inldfisihcr  (1%*)) 
uas  i localize  catalase  in  the  peroxisomes  of  hepatocytes. 

Adenosine  Tnphmphaia.sc  (ATPuse).  Vihratomr  sections  were  incubated 
in  a  medium  containing  the  smiium  vjlt  of  adenosine  triphosphate  iSu’mat 
magnesium  sulfate.  ami  lead  nitrate  at  (.  for  **>  -»<)  min  (Wat  hestein 
and  Metsei.  PD"  I 

Injection  with  Horseradish  Pemxida.se  (HKP)  Tracer,  i  hree  etulotoxemu 
and  ihreei  ontiot  tats  were  five'll  10  ntg/rnl  HKP  (Sigma)  in  valine  by  intra- 
venous  injeitnm  via  a  saphenous  veto.  Amniais  were  samltccd  by  piolonged 
inhalation  of  ba  lot  ham  It  mm  after  injection.  Middle  lobes  of  the  livers 


were  .removed  and  immediately  fixed  in  2%  glutaraldehydc  1%  parafor- 
naldehyde  f  ixative  for  .Ml  -H  min  Vibrutomr  sen  ions  (70  100  pm)  were 
imubaied  in  a  DAB  medium  (Graham  and  Kurnovsky.  lW>6)at  room  tem¬ 
perature  for  min  and  post -fixed  overnight  in  2%  osmium  u-iroxide  with¬ 
out  or  with  l.YK»  potassium  ferrotyanide  lor  2  hr  ai  *rC 

Electron  Microscopy.  All  samples  except  iho.*e  used  for  glycogen  and 
calcium  1<m  ali>.:ttion  ami  tracer  study  were  post-fixed  in  2%  osmium  icroxide 
at  -t  (.  lor  2  hr.  After  washing  in  0  I  M  sodium  cat ody late  buffer,  •  implc.s 
were  dehydrated  in  a  series  of  graded  ethanols  and  embedded  m  Hpon  (Pu- 
IvBed;  Polysuemes.  Warrington,  PA).  Ultra-thin  sections  were  prepared  with 
a  diamond  knife  and  light lv  stained  with  lead  » iirate  Sections  were  exam¬ 
ined  majhol.  luui.X  transmission  electron  microscope  Onc-pm  sections 
were  also  prepared  from  samples  processed  for  fibroma  tin  localization,  using 
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Figure  3.  Intracellular  distribution  of  tibro- 
nectin  in  rat  hepatocytes.  Only  portions  ot 
the  rough  endoplasmic  reticulum  (RER)  are 
stained  for  tibroneetin.  (A)  Hepatocytes  of 
control  rats.  Only  a  few  RER  cisternae  ex- 
hibi"  staining  ot  tibroneetin.  Inset  shows  a 
higher  magnification  ot  RER  with  fibronec- 
tin  staining  (B)  Hepatocytes  of  rats  with  en- 
dotoxemia  or  septic  shock.  Many  RER  cis¬ 
ternae  are  stained.  Dark  bodies  in  the 
cytoplasm  are  peroxisomes.  Original  magni¬ 
fications:  A.  B,  x  10,000;  inset  x  44,000. 


plj".  knives.  and  were  phwugraphcd  with  a  Zeiss  photoinic  ruse  ope  with- 
i  hit  ti'umcistainmg. 

■St atisrical  Evaluation.  1'he  numbers  ot  peruxiwimrs  in  hcpaiiKCtes  were 
<|uarimated  hv  enuming  the  numberv  ot  this  organelle  per  veil  vminn 
itiri'U|;h  a  nuclear  plane,  and  were  exprevved  as  mean'  t  SO.  Data  were 
analyzed  cnti'g  Student's  /-icm.  A  total  of  D00  mum  hondrta  per  sample, 
wtih  or  without  (Vtmlironic  i  oxidase  reactivity.  were  counted.  Data  were 
expifssed  as  perieo:  ,.i  initoi  hondrta  displaying  en/yine  activity 

Results 

Light  microsinpic  localization  of  tissue  fibroncuin  in  the  iiver  was 


indicated  by  a  brown  stain  or,  with  electron  microscopy,  by  an 
electron-dense  deposit  of  HRP  reaction  product.  Results  from  light 
microscopic  observations  showed  that  the  hepatic  sinusoids  of  the 
I.PS-treatcd  or  septic  rats  (Figure  1A)  were  more  intensely  '..lined 
for  fihronciiin  than  those  in  the  controls  (Figure  IB).  Immuno- 
cicctron  microscopic  localization  showed  result-  corresponding  to 
the  light  microscopic  observations  and  res- -aled  rhar  only  the 
microvillous  basal  (pcrisinusoidal)  surfaces  of  the  hepatocytes  were 
stained,  w  hcrcas  the  apic  al  (pericanalicular)  and  lateral  surtaces  of 
the  cells  were  not  stained  (Figure  2  A).  Kupffcr  cells  and  endothelial 
cells  were  nut  stained  (Figure  2A).  The  pcrisinusoidal  surfaces  of 
hepatocytes  in  the  LPS-treared  or  septic  rats  were  more  strongly 
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Figure  4  Localization  of  fibronectin  in  the  Golgi  complex  of  hepatocytes.  (A) 
In  control  rats,  only  a  snnall  portion  of  the  Golgi  saccules  (arrows)  is  stained 
for  fibranectin  (B)  Golgi  saccules  and  vesicles,  and  secretory  granules  (thin 
arrows),  are  intensely  stained  in  rats  with  endotoxemia  or  septic  shock.  Thick 
arrows  indicate  peroxisomes.  Original  magnifications  x  12,450. 


stained  as  compared  to  controls  (Figure  2B).  Fibronectin  was  also 
localized  in  thecistcrnaeof  RER  (Figure  3).  Golgi  saccules  and  vesi¬ 
cles  (Figure  4).  and  in  small  cytoplasmic  vesicles  of  hepatocytes. 
In  the  RER,  only  portions  ot  the  cisternac  were  stained  (Figure  3  A). 
Many  RER  c  isternae  in  the  hepatocytes  of  LPS-trcatcd  or  septic  rats 
showed  fibronectin  staining  (Figure  3B).  in  contrast  to  the  relative 
paucity  of  staining  in  RER  of  normal  hepatocytes  (Figure  3A).  Simi¬ 
larly.  the  Golgi  complex  of  the  hepatocytes  from  LPS-treated  or 
septic  rats  exhibited  more  intense  staining  fur  fibronectin  than  that 
of  the  controls  (Figure  4). 

Calcium  ions  (Ca2*)  were  precipitated  as  an  electron-dense  cal- 
cium  pyfoant intonate  deposit  on  the  outer  surfaces  of  RER  and 
in  the  mitochondrial  matrix  and  nuclear  hcteroch"  matin  ot  rat 
hepatocytes  of  both  cunt.ol  (Figure  3)  and  LPS-treated  or  septic 
rats  (Figure  6).  No  calc  ium  pyrnantimonatc  precipitate  was  found 
in  the  hepatocytes  of  liver  samples  pre-treated  with  EGTA.  More 
calcium  precipitate  was  observed  along  the  outer  surfaces  of  RER 


and  in  the  mitochondrial  matrix  of  hepatocytes  30  min  post  LPS 
iv.i-ciion  (Figure  6A)  as  compared  to  those  of  the  controls.  The 
precipitate  was  more  evident  and  dense  along  the  RER  of  hepato- 
tyt  s  of  endotoxcmic  rats  (Figure  6B)  and  in  the  cytoplasm  and 
mitochondria  of  septic  animals  (Figure  6C). 

Hepatic  catalase  was  localized  in  spherical  membrane-bound 
peroxisomes  (Figure  7A).  The  number  of  peroxisomes  per  cell  sec¬ 
tion  (circumference)  through  the  nuclear  plane  of  the  hepatocytes 
of  EPS-treated  or  septic  rats  was  significantly  decreased  (p  <  0.01). 
The  shape  of  the  peroxisomes  was  also  changed  (Figure  7B).  In  LPS- 
treated  rats,  17.38  ±  2.5  peroxisomes  per  hepatocvtc  section  were 
counted,  as  compared  to  34.55  ±  3.1  peroxisomes  in  rhe  control 
hepatocytes.  In  sham-control  and  septic  rats,  34.71  =  9.22  and  22.58 
±  2.87  peroxisomes  per  cell  section  were  found,  respectively  ('lia¬ 
ble  1). 

Abundant  glycogen  was  normally  observed  in  the  hepatocytes 
of  control  rats,  whereas  glycogen  was  greatly  diminished  in  the  l.PS- 
trcated  rats  or  totally  depleted  in  the  septic  rats  (Figure  8).  The 
quantity  of  hepatocellular  glycogen  exhibited  a  decreasing  magni¬ 
tude  from  the  centrilobular  to  the  peripheral  lobular  regions.  This 
was  expressed  as  a  decrease  in  intracellular  PAS-positive  material 
which  was  eliminated  with  diastase  digestion.  G-6-Pase  was  local¬ 
ized  in  the  endoplasmic  reticulum,  Golgi  complex,  and  nuclear 
envelope  of  hepatocytes  of  both  the  control  and  the  LPS-treated 
or  septic  rats  (Figure  9).  However,  more  RER  cisternae  resulting 
from  glycogen  diminution  were  stained,  and  the  staining  seemed 
more  intense  in  the  hepatocytes  of  the  latter  than  in  those  of  the 
controls  (Figure  9). 

Cytochrome  c  oxidase  was  localized  in  the  spaces  between  the 
outer  and  inner  membranes  and  in  the  intracristal  spaces  of  mito¬ 
chondria.  In  normal  rats,  more  than  90%  of  the  mitochondria  in 
hepatocytes  showed  positive  reactivity  of  cytochrome  c  oxidase  (Fig¬ 
ure  10A),  whereas  in  the  Li'o  treated  or  septic  rats  a  significant 
number  of  mitochondria  displayed  negative  reactivity  of  the  en¬ 
zyme  (Figure  10B).  Up  to  44  ±  23%  and  47  ±  18%  of  the  total 
mitochondria  showed  deficiency  of  cytochrome  c  oxidase  in  the  he- 
paiocytcs  of  LPS-treated  rats  and  septic  rats,  respectively.  Frequently, 
a  few  mitoc.iondria  in  the  hepatocytes  of  LPS-treated  or  septic  rats 
showed  weak  enzyme  staining  only  in  the  same  intracristal  spaces 
(Figure  9B). 

In  control  rats,  the  reaction  product  of  Mg2*-ATPasr  was  local¬ 
ized  in  the  basal,  apical,  and  lateral  plasma  membranes  of  the  he¬ 
patocytes  (Figure  1 1 A ).  The  apical  (pericanalicular)  surfaces  were 
most  intensely  stained,  in  both  the  control  and  the  LPS-trcatcd 
rats,  as  previously  reported  by  Meier  ct  al  (1984).  In  rats  treated 
with  LPS.  the  basal  and  lateral  surfaces  of  the  hepatocytes  were 
weakly  stained  or  totally  devoid  of  the  enzyme  reaction  product 
(Figure  1  ID  Y 

The  pinocytic  activity  of  hepatocytes  was  enhanced  after  treat¬ 
ment  with  LPS.  as  indicated  by  more  incorporation  of  the  intrave¬ 
nously  injected  HRP.  Many  pinocytic  vesicles  and  large  vacuoles  con¬ 
taining  the  reaction  product  of  HRP  were  observed  in  the 
hepatocytes  of  rats  treated  with  LPS.  The  tight  junctions  surrounding 
ti  e  bile  canalicuii  were  not  altered  bv  LPS  treatment,  as  demon¬ 
strated  by  oe :  ludon  of  HRP  in  the  Intercellular  spaces  surrounding 
bile  canalicuii 

The  cyiochcmica!  alterations  in  the  hepatocytes  of  normal.  LPS- 
treated,  and  septic  rats  arc  summarized  in  Table  1. 
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Figure  5.  Calcium  localization  in  the  hepato- 
cytes  ol  control  rats.  Fine  calcium  pyroanli- 
monate  precipitate  is  distributed  on  Ihe  outer 
surlaces  o'  RER  and  n  the  mitochondrial 
matrix.  Original  magnification  x  62.990- 


Figure  6  Calcium  localization  in  the  hepa- 
tocytes  of  LPS-trea'ed  or  septic  rats  (A) 
More  coarse  calcium  pyroantimonate  pre¬ 
cipitate  is  deposited  along  the  outer  sur¬ 
faces  of  RER  30  min  after  LPS  injection.  fB) 
Calcium  precipitate  is  significantly  increased 
in  the  RER  and  mitochondria  24  hr  post  in¬ 
jection  (C)  Dense  calcium  precipitate  is  ob¬ 
served  in  Ihe  cytoplasm  and  mitochondrial 
matrix  of  hepatocytes  of  septic  animals 
Original  magnifications  x  62,990. 


Discussion 

The  pathophysiological  different  tv  and  similarities  between  sepsis 
and  endotoxemia  are  well  understood.  Animals  w  ith  sepsis  induced 
by  tei.il  ligation  and  puncture  show  positive  cultures  for  various 
enteric  microorganisms,  hvpodynamit  c ircula'ion.  hvpoinsulinc- 
trna.  hypoglycemia,  high  serum  lactate  levels,  and  decreased  blood 
flow  to  the  organs  (VC'ichtcrman  et  a!..  1980).  Hndotoxcmia  is  charac¬ 
terized  by  hypotension  associated  with  peripheral  resistance,  low 
cardiac  output  tutsan  and Jacubsun.  1V6,  j.  a  transient  hcpcrglvcv- 
mia.  and  terminal  hypoglycemia  (Hinshaw.  1076).  O'Donnell  et 
al  I19S"!  have  shown  that  endotoxin  inhibits  hepatic  gluconco- 
genesis  in  pigs,  whereas  sepsis  produced  bv  cecal  ligation  and  punc  ¬ 
ture  stimulates  hepatic  conversion  of  lactate  and  alanine  to  glu¬ 
cose  In  the  present  studies,  we  have  observed  similar  cytochemic  al 


alterations  in  the  hepatocytes  of  rats  suffering  front  endotoxemia 
or  from  cecal  ligation-  and  puncture-induced  sepsis.  These  changes 
included  glycogen  diminution  or  depletion,  increased  tissue 
fibroncctin.  decrease  of  peroxisomes,  and  an  increase  of  cytochrome 
i  oxidase-deficient  mitochondria.  Deposition  of  fibrin  in  sinusoids, 
depletion  of  glycogen,  vacuolation  of  mitochondria,  and  dilation 
of  endoplasmic  reticulum  are  known  to  be  important  cellular  signs 
of  tndotoxemic  and  shock  symptoms  in  animals  (De  Palma  et  al.. 
196. ,  1970.  Rangel  cl  a!.,  1970.  Schumci  el  al.,  1970:  Moss  ei  al., 
1969:  McKay  et  al..  1966;  Hift  and  Strawitz.  1961). 

Fibroncctin  plays  an  important  role  in  RKS  clearance  of  partic¬ 
ulate  matter  such  as  fibrin,  collagen,  and  actin  (Gold  and  Pearl- 
stein,  1981;  Keski  Oja  et  al..  1980).  thus  preventing  excessive  lo¬ 
calization  of  these  materials  in  highly  vascular  organs,  such  as  lung 
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and  kidney  (Saba  and  Jaffe,  1980).  Recently.  Richards  and  Saba 
(1985)  reported  that  intravenous  administration  of  E.  coli  LPS  to 
tats  significantly  elevated  plasma  fibronectin  levels.  The  enhan.ed 
ftbronectin  was  found  to  be  directly  assoc  iated  with  the  phag- astir 
activity  of  Kupffer  cells.  This  correlation  leads  some  authors  to  be 
lieve  that  depiction  of  fibronectin  is  directly  related  to  increased 
severity  of  sepsis  (Richards  and  Saba.  1985;  Velky  et  a!..  ■  'J84 ; 
Kaplan.  1981)  On  the  contrary.  Grossman  t  al  (1983)  have  reported 
that  there  is  no  direct  relationship  between  fibronectin  and  sepsis. 

In  the  present  studies,  the  intense  staining  of  fibronectin  in  the 
basal  (pen.»inusoidal)  surfaces  of  hcpatocytes  in  the  cndotoxcmic 
and  septic  rats  suggests  that  two  events  may  have  occurred  in  the 


hepato'  ytes  during  the  process  of  the  illness:  (a)  enhanced  incor¬ 
poration  of  plasma  fibronectin  into  the  basal  plasma  membrane 
of  hcpatocytes;  and  (b)  active  synthesis  and  secretion  of  fibronec¬ 
tin  In  fact,  increased  plasma  fibronectin  levels  after  LPS  treatment 
(Richards  and  Saba,  1985)  and  incorporation  of  plasma  fibronec¬ 
tin  mm  tissues  (Drno  et  al..  1983)  have  both  been  reported  In 
septic  or  endotoxcmic  rats,  the  presence  of  many  stained  RER  and 
Golgi  complexes  in  the  hcpatocytes  indicates  active  synthesis  ot 
fibronectin.  This  finding  agrees  with  reports  that  increased  syn¬ 
thesis  of  fibronectin  was  found  in  animals  with  cecal  ligation- 
induced  sepsis  ( Velky  ct  al..  1983.  198<i)  and  that  plasma  fibronec¬ 
tin  was  elevated  in  LPS-treatcd  rats  (Richards  and  Saba.  1985) 
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F igure  7  Localization  ol  catalase  m  hep; 
peroxisomes.  Many  peroxisomes  me  ob¬ 
served  in  normal  hepatocytes  (A).  whero.n 
only  a  tew  peroxisomes  (arrows)  are  see-i 
in  the  hepatocytes  ol  rats  with  enootoxemir 
or  septic  shock  (8).  Original  magnilicatlo.  s 
x  A 320. 

Figure  8.  Localization  of  glycogen  in  hep?- 
tocytes  using  OsFeCN  post-fixation  method 
(A)  Abundant  glycogen  is  present  in  the  tie- 
patocytes  ol  normal  control  rats.  (B)  Glyco¬ 
gen  is  greatly  diminished  or  totally  depleted 
in  the  hepatocytes  ol  septic  rats.  Original 
magnilications  x  6400 


Moreover,  others  have  localized  libroncctin  to  the  RHK  cisternae 
and  (iolgi  complex  ot  fibroblasts  (Yamada  rt  ai..  1980).  smooth 
muscle  celK  (Chemnitz  and  Christensen.  198.5),  and  hepatocytes 
I  Clement  et  al..  1985)  It  has  been  reported  that  fibronectin  binds 
to  l.PS  and  facilitates  phagocytosis  (Porvaznik  et  al..  1982).  Thus, 
the  increases  tn  plasma  fibronectin  (Richards  and  Saba.  1985)  and 
tissue  fibronectin  in  hepatocytes  oi  endotoxenm  or  septic  ms  (pres¬ 
ent  studies)  may  enhance  removal  of  l.PS  Irom  blood  by  the  RfS 
system  and  hepatocytes, 

Pree  calcium  in  the  cell  regulates  muscle  contraction,  metabolic 
processes,  hormone  and  transmitter  secretion,  and  membrane  trans¬ 
port  and  permeability.  Recent  studies  have  indicated  that  endoplas¬ 
mic  reticulum  is  the  mam  organelle  regulating  cytoplasmic  C.ai* 


concentration  (Somlyo  et  al.,  1985;  Somlyo.  1984).  C.ytochemical 
localization  of  calc  ium  in  the  present  studies  also  showed  that  (V‘ 
was  predominant!)  precipitated  on  the  outer  surfaces  of  the  RPR 
and  sparsely  in  the  mitochondrial  matrix  of  hepatocyics  in  normal 
animals.  In  the  hepaim  vies  ol  LPS-treated  of  septic  rats,  precipita¬ 
tion  of  Ca2‘  at  the  same  sites  was  prominently  int reused.  Studies 
of  the  effect  of  endotoxin  on  ivioplasmit  da1*  concentration  have 
not  been  conclusive.  Kilpatrick  Smith  and  Hrecinska  (1985)  indi¬ 
cated  that  cV//i  l.PS  decreases  the  intracellular  (,;d  concentre 
tion  in  mouse  neuroblastoma  cells.  Nicholas  et  al.  (1972)  have 
reported  that  c-tnlotoxcmia  also  c  auscs  severe  inhibition  of  liver  mi¬ 
tochondrial  calcium  uptake  function  Moreover,  a  recent  report  in¬ 
dicates  that  endotoxin  induces  a  decrease  in  calcium  content  in 


LPS  AND  HEPATOCYTF.  CYTOCHEMISTRY 


673 


Tabic  1.  Cytochemicai  alterations  in  hepatocytes  of  LPS-treated 
or  septic  rats  as  compared  to  control  animalsJ 


Control 

LPS-trcaied 

Septic 

fibroncctin 

Cell  surface 

■4 

4-  4 

4  4- 

Intracellular 

4 

4  4 

4-  4- 

Ca" 

RER 

+ 

4-  4* 

4  4- 

Mitochondria 

+ 

4  4- 

4-  4- 

Glycogen 

+  4 

+  /+  - 

- 

G-6-Pase 

+ 

4”  4* 

*  4. 

Peroxisomes^ 

54.55  »  3.1 
34.71  x  9.22 

17.38  ±  2.59  22.58  x  2  87 

Cytochrome  c  oxidase1' 

93% 

56% 

53% 

ATPase  (plasma  membrane) 

Basal 

4 

4-  - 

ND 

Lateral 

4- 

4-  - 

ND 

Apical 

4-  + 

4-  4 

ND 

J  *■*.  high;  *  moderate:  weak:  negative;  ND.  not  done 

"  The  number  of  peroxisomes  per  cell  section  of  hepatocytes  in  rats  with  endotox- 
emia  or  sepsis  was  significantly  decreased  (endotoxcmic./>  «  0.001:  septic. p  =  0.01). 
•  Number  of  mitochondria  with  cytochrome  f  oxidase  reactivity. 


the  microsomal  fraction  of  liver  (Dcaciuc  and  Spitzer,  1987).  How¬ 
ever,  other  reports  have  indicated  that  bacterial  endotoxin  poten¬ 
tiates  the  influx  of  CaJ*  in  various  cell  types  (Hulsmann  et  al. .  1981; 
Nelson  and  Spitzer,  1981;  Connor  et  al.,  1973) -nd  enhances  energy- 
independent  Ca*’  binding  (Nicholas  et  al.  1972). 

In  the  present  studies,  the  increase  of  calcium  precipitate  in 
the  RER  and  mitochondria  of  hepatocytes  from  LPS-treated  or  septic 
animals  indicates  an  increase  of  CaJ*  uptake  by  hepatocytes.  This 
result  is  in  agreement  with  the  reports  on  calcium  overload  in  car- 
diocyies  (Hulsmann  et  al.,  1981)  and  hepatocytes  (Sayced,  1986) 
after  endotoxin  treatment.  In  rat  hepatocytes,  cytochemicai  local¬ 
ization  of  Ca1*  indicates  that  Ca1'  is  located  predominantly  in:  (a) 
membrane  associated  Ca!‘  in  the  endoplasmic  reticulum  which  may 
be  bound  to  membrane  phospholipids  (phosphatidylserine  and 
polyphosphoinositides)  (Lullman  and  Peters,  1977;  Buckley  and 
Hawthorn,  1972);  and  (b)  non-membrane-associated  CaJ*  in  the 
mitochondrial  matrix.  The  latter  may  leak  from  mitochondria  sub¬ 
sequent  to  damage  to  mitochondrial  membrane  after  prolonged 
treatment  with  LPS  (Nicholas  et  al..  1972).  The  accumulation  of 
calcium  in  the  mitochondria  may  result  in  swelling  and  vacuola- 
tion  of  mitochondria  (Constantinides,  198s).  The  calcium  over¬ 
load  in  hepatocytes  may  contribute  to  metabolic  alterations  of  car¬ 
bohydrates  related  to  septic  shock  (Sayced,  1986). 

McCallum  (1981)  has  shown  that  LPS  impairs  glycogenosis  and 
gluconeogencsis.  The  impaired  metabolism  is  correlated  with  re¬ 
duced  activities  of  glycogen  synthase  a,  phosphoenolpyn’vate  car- 
boxykinase.  glucose-6-phosphatase,  and  fructose  1,6-diphosphatase. 
In  the  present  studies,  however,  we  found  that  augmented  increase 
of  G-6-Pase  activity,  as  demonstrated  by  increased  staining  of  the 
enzyme  in  the  RER,  showed  a  positive  cot  relation  with  glycogen 
diminution  or  depiction  in  hepatocytes  of  LPS-treated  or  septic 
rats.  Enhancement  of  G-6-Pase  activity  would  increase  glycogenol- 
ysis  (Freeland  and  Harper,  1966).  It  has  been  repotted  that  tran¬ 
sient  hyperglycemia  due  to  glycogenolysis  is  observed  in  endotox- 


emic  animals  (Hinshaw,  1976),  but  later  a  profound  and  terminal 
hypoglycemia  ensues  as  glycogen  stores  arc  depleted  and  giuconeo- 
genesis  is  inhibited  (Filkins  and  Cornell,  1974). 

Hepatic  peroxisomes  are  involved  in  beta-oxidation  of  lipids 
(Lazarow,  1978;  Lazarow  and  De  Duve,  1976).  Deficiency  of  perox¬ 
isomes  in  humans  has  been  reported  to  be  fatal  in  infants  with 
Zellweger's cerebrohepatotenal  syndrome  (Goldfischcr,  1982).  The 
biogenesis  of  peroxisomes  and  synthesis  of  catalase  in  hepatocytes 
are  dependent  on  polysomes  and  endoplasmic  reticulum  (Lazarow 
et  al.,  1982;  Masters,  1982).  Geerts  ano  Rods  (1982)  reported  that 
diminished  catalase  availability  results  in  reductions  in  both  perox¬ 
isome  volume  and  number.  We  observed  morphological  alterations 
and  a  significant  reduction  of  peroxisomes  in  the  hepatocytes  of 
septic  or  LPS-treated  rats.  This  finding  indicates  that  LPS  may  cause 
peroxisome  degradation.  LPS  has  recently  been  reported  to  acti¬ 
vate  phospholipase  activity  and  to  impair  arachidonic  acid  activa¬ 
tion  (deTurco  and  Spitzer,  1987).  This  may  also  contribute  to  the 
reduced  number  of  peroxisomes  in  hepatocytes  from  LPS-treated 
or  septic  tats. 

Cytochrome  c  oxidase  is  a  mitochondrial  enzyme  responsible 
for  consumption  of  virtually  all  the  molecular  oxygen  used  by  eu¬ 
karyotes  during  aerobic  metabolism.  We  found  that  this  enzyme 
was  present  in  all  mitochondria  in  the  hepatocytes  of  normal  rats, 
but  was  deficient  in  a  significant  number  of  mitochondria  in  the 
hepatocytes  of  LPS-treated  and  seprir  rats.  Moreover,  LPS  has  been 
reported  to  depress  the  activities  of  sevetal  metabolic  enzymes 
(McGivncv  and  Bradley,  1979)  and  ATPase  (Mela  et  al.,  1971),  and 
to  decrease  oxygen  consumption  and  phosphorylation  (Mager  and 
Tneodor,  1957)  by  liver  mitochondria.  The  decrease  of  ATPase  ac¬ 
tivity  may  be  related  to  accumulation  of  intracellular  calcium  in 
the  hepatocytes  of  LPS-treated  rats. 

In  summary,  significant  cytochemicai  alterations,  including  in¬ 
creases  in  fibroncctin  and  intracellular  calcium,  increased  G-6-Pase 
activity,  a  reduction  of  catalase-containing  peroxisomes,  and  deple¬ 
tion  of  cytochrome  c  oxidase  in  mitochondria,  were  observed  in 
hepatocytes  of  endotoxemic  and  septic  rats.  The  overall  results  sug¬ 
gest  that;  (a)  LPS  stimulates  hepatic  synthesis  of  fibroncctin,  which 
may  result  in  the  elevation  of  plasma  fibroncctin:  (b)  LPS  stimu- 
'it'es  calcium  uptake  by  hepatocytes;  (c)  LPS  stimulates  G-6-Pase 
•e  .tivity,  which  may  be  directly  involved  in  the  glycogenolysis  char¬ 
acteristic  of  sepsis;  and  (d)  LPS  reduces  peroxisome  number  and 
depletes  mitochondrial  cytochrome  c  oxidase,  and  may  have  a  role 
in  hepatic  injury  and  malfunction. 
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shock  (8).  1.  lipid  droplet.  Original  magnili. 
cations  x  5260 
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Figure  10.  Cytochrome  c  oxidase  in  mito¬ 
chondria  of  bepatocyles.  The  enzyme  is 
focalized  in  spaces  between  outer  and  in¬ 
ner  membranes  and  in  intracrista!  spaces 
of  mitochondria.  {A)  Hepatocytes  of  norma! 
control  rats.  Inset  is  a  higher  magnification 
of  a  mitochondrion  showing  distribution  of 
the  enzyme.  Asterisks  indicate  a  small  num¬ 
ber  of  mitochondria  showing  negative  reac¬ 
tivity  to  the  enzyme.  (B)  Hepatocytes  of  LPS- 
treated  or  septic  rats  A  large  number  of  mi¬ 
tochondria  show  depletion  of  the  enzyme 
(asterisks).  Inset  is  a  higher  magnification 
of  a  mitochondrion  showing  weak  staining 
of  the  enzyme  in  the  intracrista]  spaces  (ar¬ 
rows).  Original  magnifications  x  6000:  in¬ 
sets  x  23.380. 
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Figure  1 1 .  Localization  of  ATPase  in  rat  liver. 
Reaction  product  of  the  enzyme  is  localized 
on  the  basal  (perisinusoidal),  apical  (peri¬ 
canalicular).  and  lateral  surfaces  of  hepa- 
tocytes.  Bile  eanaliculi  (BC)  are  most  in¬ 
tensely  stained.  Basal  and  lateral  surfaces 
of  the  hepatocytes  In  normal  rats  (A)  are 
more  intensely  stained  than  those  of  IPS- 
trealed  animals  (B).  Original  magnifications 
x  8660. 
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